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NARRATIVE 
 
Superhydrophobic surfaces, both natural and artificial, cause aqueous drops to bead on them.  
The most water-repellent surfaces produce nearly perfect spheres with very little contact between 
water, solutes, and surface due to the roughness of the surface [1].  However, a related 
phenomenon that has not been well appreciated until recently, is that colloidal particles in the 
aqueous drop remain highly mobile, and smaller-sized colloids migrate to the drop surface due to 
both the driving force of evaporation and the expanded liquid/air interface [2-3]. A newly 
identified, third useful optical property resulting from the suspension of an aqueous drop by the 
superhydrophobic surface is that a spheroidal lens is created. Without any additional energy or 
instrumentation, the simple placement of an aqueous sample on a superhydrophobic surface 
followed by the placement of a reagent drop results in very rapid mixing and a means to detect 
and monitor antigens via agglutination. 
 
 
BODY  
 
 
 
Of particular technological interest in point of care diagnostic methods for infectious 
disease detection in low resource settings has been the employment of particle immunoassays 
within lateral flow devices.  These handheld, low cost devices are attractive because they are 
simple to use, powered solely by capillary action and can be read after a few minutes due to the 
collection of particles on control and readout lines, if the sample is positive for a particular 
antigen.  However, the result of the test must be recorded by hand and high sensitivity can be 
difficult to achieve since at low antigen levels faint lines may be hard to read or because the 
immunoassay is designed for high specificity. 
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Particle-based immunoassays are also popularly employed in conjunction with detection 
instruments (i.e., nephelometers, light scattering detectors) and, via agglutination, can determine 
the amount of light transmitted or scattered when an antigen is present.  These instruments can 
achieve a high degree of sensitivity based on the recording of time-resolved detection of light 
transmitted or by interpreting the light scattered at different angles.  However, they can be too 
expensive as well as difficult to operate and maintain for clinics in developing nations.  
Encouraged by the ubiquity of low cost light emitting diodes (LED) and with new material 
science in controlling liquid interactions with surfaces, we set out to design a simple low cost 
instrument that would use the patient sample and reagent particle suspension in an integrative 
way in order to reduce cost and speed the detection of an antigen using microparticle 
agglutination. 
When a liquid drop is placed on a surface with microscopic and submicroscopic 
roughness, the liquid can be more attracted to itself than the surface causing a round drop to be 
formed on the surface.  This phenomenon is referred to as superhydrophobicity or 
superoleophobicity depending upon whether the liquid is a water or oil, and a variety of surfaces 
with these properties are available.  Our particular  interest has been in superhydrophobic 
surfaces that generate spheroidal drops of biological fluids (e.g., whole blood, serum, urine, and 
saliva) and that can hold in place such drops while keeping interactions with the internal drop 
components at a minimum.  Based on previous work [2, 4-6], low density polyethylene surfaces 
(LDPE) can be easily made into superhydrophobic surfaces through solvent casting.  These 
superhydrophobic surfaces can organize particles suspended in the drop into opalescent spheres 
with smaller particles moving to the surface while larger particles reside mostly in the interior of 
the drop.  The movement of particles within the drop and their organization suggested that this 
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environment would prove useful to: (1) drive particle agglutination assays through a self-mixing 
process caused by slow evaporation; (2) segregate particles with different sizes; and (3) yield a 
unique optical environment as compared with standard cuvette or capillary flow systems. 
The first step in developing the superhydrophobic drop agglutination immunoassay was 
determining the drop size and method to transmit and collect light at high sensitivity using 
relatively low cost optics and detection instrumentation.  The recently published work by Egri 
and colleagues [7] on how water drops on superhydrophobic surfaces focus sunlight confirmed 
our intuition that spheroidal drops would be useful (Figure 1).  Significantly, the formation of 
caustics in such a “lens” results in very high light intensity in the forward direction [8].  In 
comparison, a hydrophobic surface not only limits particle movement within the drop and 
generates more unwanted adsorption of components present in a drop, it also does not create a 
strong and easily detected signal when illuminated (Figure 1). 
Another consideration in the use of superhydrophobic drop agglutination detection is 
whether there is an inherent advantage over the use of a cuvette for the detection of changes in 
light scattered when agglutination occurs.  When considering light passing through a cuvette or a 
straight capillary tube versus a spheroidal drop, the striking difference is that light is focused by 
the drop.  With a judicious placement of a detector directly behind the drop, only light focused 
by the drop is detected.  While this is a potentially useful system for measuring very turbid 
samples, focusing light that is scattered seems at first hardly an advantage since agglutination 
generally results in more light being scattered in the forward direction.  Detecting an effective 
change in agglutination would seem to warrant having the largest change between isotropic 
scattering with individual particles and attenuated forward scattering with large clusters.  
However, a simple analysis illustrated in Figure 2 based on classical optics suggests that the drop 
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geometry does provide an advantage.  If a small object with a circular projection of area AS 
blocks light perfectly in the path of light moving through the cuvette to the detector, then the 
measured intensity (I1) at the detector of area AD is simply: 
I1
Io
=1− AS
AD
 
However, assuming a simple model of the drop focusing such that the light rays are together 
conical in shape, the intensity of light reaching the detector depends on the location of the object. 
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The relevant conclusion of this analysis is a comparison between the response of the drop versus 
the cuvette as the size of the object increases with time and hence “blocks” more light.  The ratio 
of the two responses is simply 
Drop intensity change
Cuvette intensity change
=
1
1− xS L
⎛ 
⎝ 
⎜ 
⎜ 
⎞ 
⎠ 
⎟ 
⎟ 
2
 
where xs is the position of the object from the base (x = 0) to the detector (x < L) assuming that 
the detection window area is the same for both.  In essence, focusing the light forces a greater 
difference if the object is present along the axis of the drop and especially towards the side where 
the cone of light is most narrow due to the focusing of the rays. 
 As a first test of the drop system, to a suspension of 1 micrometer diameter particles a 
one thousand-fold lower concentration of 2 micrometer diameter particles was added.  In Figure 
2 the signal increase with a cuvette for this mixture was effectively zero (less than 1%) for all 
wavelength ranges, whereas using the drop the signal increase was nearly 20%, with the greatest 
change over 400-480 nm.  It is important to note that there is a significant difference in the 
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attenuation of scattering in the forward direction in this size range with the signal increasing 
upon addition of the 2 micrometer diameter particles and that shorter wavelengths accentuate the 
difference.  This is expected since Rayleigh theory shows that scattering depends upon the fourth 
power of the wavelength of light. 
With the basic proof of concept in hand, we set out to conduct an agglutination 
immunoassay using human serum samples and a commercially available particle immunoassay 
kit for detecting C Reactive Protein (CRP).  Also tested was a low cost prototype instrument 
built using near infrared diodes and an operational amplifier to boost the signal (Figure 3).  For 
both systems, after a few seconds and through a period of 2 minutes the human serum samples 
that contained a level of CRP above a clinically significant level of 6 ng/ml had a change in 
signal whose rate was measured to be -0.15 +/- 0.02 /min for the fiber optic based spectrometer 
system and -0.19 +/- 0.05 /min for the low cost prototype system.  For both instruments, negative 
human serum and various buffer solutions were found to have very small changes in light in this 
time range and were easily identified as “negative”. 
In Figure 3, a detailed time-series of light detected with the positive human serum 
samples for the fiber optic based spectrometer shows that shortly after the drops are combined, 
the signal reaches a maximum very quickly before slowly dropping at an essentially constant 
rate.  This is not caused by mixing since this dramatic change is not observed with the negative 
samples, and we believe that the following explains this behavior.  In the presence of CRP 
concentrations at higher than the clinically significant threshold value, the particle concentration 
of the assay is sufficient to form a network of particles in an essentially irreversible aggregation 
process which at short times is dominated by doublet formation.  In this stage of the process the 
total particle concentration decreases nonlinearly in a multi-stage reaction that depends upon 
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particle and CRP concentration.  It is presumed that binary collisions predominate, although the 
high particle concentrations used may include three-body collisions.  Binary collisions lead to a 
rapid drop in the number of scattering particles without a significant change in the scattering 
efficiency.  This is a reasonable assumption based on simple physical arguments that tightly 
agglutinated pairs decrease the effective cross section of scattering as compared to freely 
diffusing single particles.  Using Monte Carlo simulation based on the assay conditions and 
comparing a suspension of 140 nm particles (the nominal diameter particles used in the assay) 
versus 280 nm particles at half the concentration show a reduction in transmitted light for a 
planar, unfocused light source.  Addition of a correction factor due to the geometry of two 
spheres vs. one large sphere accentuates this result.   
For longer times (e.g. after 10-15 seconds), the agglutination reaction is dominated by 
thermal motion and the total particle concentration decreases less rapidly and asymptotically 
approaches a value dictated by the aggregate size that grows slower due to the reduction of the 
aggregate diffusivity. For a given initial particle concentration, the concentration of the antigen 
dictates the speed at which the growing aggregates reach this self-limiting size for further 
growth.  The effect on the focused light intensity in this regime becomes dominated by the 
higher light scattering by the larger particle aggregates.  Combining these two effects leads to the 
transmitted light decreasing relatively linearly with time. 
Two concluding remarks may be helpful in order to assess how this technique relates to 
existing instrumentation for detecting particle aggregation, especially in immunoassays.  First, 
the light focused by the drop is best considered to form caustics rather than what is usually the 
case in the employment of lenses where a sharp focus is desired.  Caustics unlike the sharp focus 
obtained using commercial lenses, have two important qualities.  The first is genericity; which 
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Bruce and colleagues [8] define for caustics as “in spirit, meaning ‘not behaving in an 
unnecessarily special way.’ ”  More rigorously, this means that in order to be called generic, a 
caustic must have the properties: (1) be able to be approximated arbitrarily closely by a generic 
one; and (2) that every caustic sufficiently close to a generic one is also generic [8].  The lenses 
used to create a point of sharp focus are non-generic, as it is extremely remote that a generic lens 
would produce the focus.  However, a water drop on a superhydrophobic surface (such as a 
raindrop on a plant leaf, or the sample droplet used in this device) will always produce a caustic 
with regions of localized high intensity.  The second quality of a caustic is its structural stability, 
which means that a caustic maintains its identity even when perturbed [9-10].  With a water drop 
placed on a superhydrophobic surface, if the drop is moved slightly, has a slightly different 
volume (due to lack of precision with the pipetter), or has a slightly differently shape (due to 
inhomogeneities on the superhydrophobic surface), it will still produce a caustic with local 
regions of high light intensity.  This cusp of high intensity will be relatively insensitive to small 
perturbations of the drop position, size, or shape.  Thus, this drop device will be rather forgiving 
to these perturbations, whereas a spherical container using paraxial rays to project a sharp 
geometrical focus onto the detector widow would be very unforgiving.  To make such a device 
work better than a simple cuvette, it would need to have a means to hold the spherical “cuvette”, 
light source, and detector in a very precise position. 
A second remark worthy of mention is that at least one commercially available 
nephelometer [11] employs a lens system to focus light scattered at a very small angle from a 
cuvette.  The advantage of this approach appears to be in the ability to detect a wider range of 
agglutination.  Similarly, the method described here is believed to work well for samples of a 
wide range of particle concentration but there is an added benefit of particle movement towards 
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the surface of the drop while aggregates accumulate towards the center, adding to the ability of 
the drop system to detect changes in forward scattering rapidly and at high particle 
concentrations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
N
at
ur
e 
Pr
ec
ed
in
gs
 : 
hd
l:1
01
01
/n
pr
e.
20
10
.4
75
4.
1 
: P
os
te
d 
10
 A
ug
 2
01
0
10 
List of Figures 
 
Figure 1.  A comparison of optical properties for drops on superhydrophobic (SHS) versus 
hydrophobic surface.  Panel (A) is a 50X scanning electron microscope image of a LDPE surface 
converted into a superhydrophobic surface via solvent casting.  Panel (B) shows the change in 
contact angle (CA) of water between the original LDPE surface and a superhydrophobic LDPE 
surface made by solvent casting.  Panel (C) image (i) shows a close-up of the caustic generated 
by illumination of a 4 mm boroslicate glass sphere; image (ii) compares the caustic from the 
borosilicate glass sphere (top) with the caustic created by a water drop on a SHS LDPE surface 
(middle) and by a LDPE surface (bottom).  Panel (D) shows that the light detected that is focused 
by the drop while using a superhydrophobic surface (red diamonds) is stable for 2 minutes and 
does not change more than 1-2% after 10 minutes. 
 
 
Figure 2. Panels (A)-(C) are given to support the simplified model that illustrates why the drop 
is more sensitive to changes in light scattering as compared to a cuvette.  Panel (A) is an 
idealized 2-D sketch of parallel light rays through a cuvette while Panel (B) is a simplified 
rendition of light being focused as a cone within a drop based on the ray tracing shown in Panel 
(C).  In Panels (A) and (B) an object of circular projected area AS is considered to completely 
block the  light incident upon it at xS.  The detector is assumed to be the same height and width 
for both cuvette and drop and the distance from the front edge of the cuvette and drop to that of 
the edge nearest the detector is assumed to be the same for this analysis.  In Panel (D) 
experimental evidence is given that the drop on superhydrophobic surface system (yellow bars) 
is more sensitive than a cuvette (grey bars) due to the focusing of light.  The drop increases in 
signal by nearly 20% when 2 micrometer diameter particles are added to a suspension of 1 
micrometer diameter particles at a ratio of 1:1,000 whereas the cuvette light signal increases by 
less than 1% which is a smaller increase than the experimental error due to small variations in 
the amount of liquid dispensed to create the mixture. 
 
Figure 3.   Panel (A) is an image of the fiber optic based system used to generate the data in 
Panel (C).  For Panel (A) the wide spectrum LED is mounted on the right hand side of the 
superhydrophobic surface and the detector is within the metal block to the left of the surface.  In 
Panel (B) a near infrared LED is connected to a power source and is held in place by an acrylic 
block to the left of the whole blood drop.  To the right of the drop of whole blood drop in Panel 
(B), a borosilicate ball lens glued to an optical fiber collects the focused light and transmits it to a 
reversed near infrared LED connected to a voltmeter.  Both instruments were able to distinguish 
between human serum containing more than 6 ng/ml of CRP within 2 minutes.  In Panel (C) 
normalized rate data from the fiber optic system for negative human serum and buffer solutions 
is shown on the left hand side and there is essentially no change in signal over 50 seconds.  For 
the graph on the right-hand side the positive human serum samples have a rapid increase in 
signal followed by a slower decrease in signal.  
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Figure 3. 
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Methods 
 
Superhydrophobic Surfaces 
 
Commercial-grade LDPE sheet, 1.59 mm (1/16 inch) thick was purchased from 
McMaster-Carr (Santa Fe Springs, CA).  The materials used to grow the crystals were LDPE 
pellets (Sigma-Aldrich, St. Louis, MO) with a melt index of 2.50 g/min at 190ºC, xylene 
(isomers plus ethylbenzene, reagent grade, Sigma-Aldrich), and methyl ethyl ketone (reagent 
grade, J. T. Baker, Phillipsburg, NJ).  The LDPE sheet was cut into 61 x 99 mm (2.40 x 3.90 in) 
rectangles, lightly abraded, and cleaned with acetone.  The LDPE pellets and chemicals were 
used without additional preparation. 
The experimental procedure involved placing the xylene and LDPE pellets in a boiling 
flask held at 92 ±2ºC.  After the LDPE had fully dissolved (approximately 45 min), the MEK 
was added to the flask.  The addition of the nonsolvent to the solvent-plastic solution was shown 
by Erbil and colleagues [3] to increase surface roughness and aqueous drop contact angle for 
solvent-cast polypropylene.  After the turbidity caused by the MEK addition cleared, the bath 
was reduced to 87 ±2ºC.  After the desired period of heat soak time had elapsed, 5.25 ml of 
solution were pipetted onto the surface in the solvent-casting fixtures.  This volume 
corresponded to approximately 0.1 ml of solution per cm2 of substrate.  The fixtures were placed 
under overturned deep crystallizing dishes (as slower evaporation promoted better crystal 
growth) and left in a fume hood to dry at room temperature. 
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Fiber Optic Spectrometer Detector 
 
The heart of this system is the spectrometer (model USB2000 Miniature Fiber Optic 
Spectrometer, Ocean Optics).  This spectrometer accepts incident radiation transmitted through a 
single-strand optical fiber (400 μm fiber diameter, UV-vis (200-1100 nm) Laboratory-grade 
Patch Cord Optical Fiber Assembly, Ocean Optics) and disperses it via a fixed grating across the 
2048-element linear CCD array detector.  The operating software (SpectraSuite, v. 2.0.109, 
Ocean Optics) runs on a Power Mac G4 (Apple, Cupertino, CA).  An achromatic collimating 
lens (350-2000 nm, model 74-ACR, Ocean Optics) was used to collect the incident light to the 
optical fiber. 
Several custom parts were fabricated or purchased and integrated into the Ocean Optics 
system.  First, a light source was needed.  As it was not known a priori what wavelength would 
best measure agglutination, a broadband continuous visible light source was chosen.  It was 
desired to choose a source that had minimal drift and emitted minimal heat that might affect 
results by increasing the evaporation of aqueous samples.  For these reasons, a high-power white 
LED (LUXEON I emitter, p/n LXHL-BW02, Philips Lumileds, San Jose, CA) was chosen.  This 
is a neutral white, 1W high power (45 lm typ.) LED.  The “batwing” emitter style was chosen, as 
this has a constant intensity over ± 15º from the axis.  A line-voltage input dedicated LED power 
supply (350mA i-Xitanium, Advance Transformer, Rosemont, IL) was used to drive the LED 
with minimal drift and fluctuation.  In addition, as LED intensity is a function of junction 
temperate, a large aluminum heat sink was used to maintain the LED at ambient room 
temperature. 
To maintain alignment yet allow adjustment on individual axes, a custom fixture was 
assembled to hold all the parts other than the spectrometer, cables, and computer.  A 19 mm 
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thick acrylic plate was machined to rigidly attach the power supply, power switch, fiber optic 
cable bracket (a modified 4-way Cuvette Holder for 1-cm Cuvettes, p/n CUV-ALL-UV, Ocean 
Optics), and fixed U-channel for the LED. 
A sliding inner tray was made to hold the LED, which slid inside the outer fixed U-
channel.  In this way the LED distance from the fiber optic collection cable could be varied.  A 
fixed ruler gave means to position the LED in a repeatable fashion.  Unlike with a cuvette, it was 
felt that the vertical positioning of the drop with respect to the fiber optic cable would be 
important.  Therefore, a custom z-direction stage was machined and incorporated into the Ocean 
Optics 4-way Cuvette Holder.  This consisted of a custom translating platform using a 
micrometer head (model 261M, L. S. Starrett Co., Athol, MA). 
Additional custom parts were machined in the quest to optimize the output signal.  These 
parts included a dummy collimating lens barrel, which was used to determine if a better signal 
was achieved with or without the collimating lens (while maintaining the position of the fiber 
optic cable with respect to the sample).  As further use of the spectrometer setup demonstrated 
the focusing effect of using a drop of sample, it was desired to investigate the effect of using 
smaller apertures to increase the s/n ratio of the signal.  Therefore, a set of custom apertures was 
fabricated using 0.12 mm thick brass sheet, with apertures of 1.25, 1.75, 2.0, and 2.75 mm in 
diameter.  
To minimize positioning errors caused by manually holding the pipette used to deposit 
the reagent and analyte on the superhydrophobic surface, the pipette was rigidly clamped in a 
holding fixture with the tip a small distance above the analyte drop (but out of the light path).  
This was accomplished by fixing a handscrew (Jorgensen No. 4, Adjustable Clamp Co., Chicago, 
IL) at the appropriate height, and then clamping the pipette in the handscrew.  This way, the drop 
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could be placed at the desired x-y position after the analyte drop had been dispensed on the 
sample surface, and this fixture used to deposit the reagent without affecting the position of the 
drop. 
 
Particles and Assay 
 
Light transmission through a suspension of 1 micrometer carboxylated polystyrene 
divinylbenzene particles (Polysciences Inc.) at a concentration of 10 μg/ml in DI water was 
measured using a cuvette and a drop on a superhydrohpbic surface .  To simulate agglutination, 
to the above solution was added 10 ng/ml of 2 μm particles.  The results obtained using a drop 
(40 μl of either the control or the “spiked” solution) and a cuvette (500 μl of either the control or 
the “spiked” solution) were compared.  For these comparative runs, the same aperture (2 mm) 
and LED position were used.  The drop had a maximum pathlength of approximately 4.4 mm, 
and the cuvette 10 mm.  To achieve a good signal, the integration time was doubled (to 100 ms) 
for the cuvette. 
The Cen-Med Sure-Vue CRP assay (Biokit S.A., Barcelona Spain; distributed by Fisher) 
is a card-based assay for clinical use.  The latex reagent consists of an approximately 0.2 %w/v 
suspension, in buffer, of 140 nm nominal size latex polystyrene particles coated with rabbit anti-
human IgG for CRP.  The positive control is diluted human serum containing more than 6 mg/l 
of CRP, and the negative control is diluted human serum containing less than 6 mg/l of CRP. In 
addition to the negative control supplied with the kit, other negative controls were tested as well 
on the forward-scattering nephelometer, to eliminate the possibility that other effects could 
account for the strong signal increase seen when the positive control was used as the analyte.  
These negative controls comprised 0.9% NaCl (the buffer recommended by the kit directions as 
a dilution buffer for semi-quantitative testing); BSA 50g/l in 100 mM phosphate buffer 
N
at
ur
e 
Pr
ec
ed
in
gs
 : 
hd
l:1
01
01
/n
pr
e.
20
10
.4
75
4.
1 
: P
os
te
d 
10
 A
ug
 2
01
0
18 
(simulating the total protein concentration in serum); and unconjugated (as-supplied), 
carboxylated 2 μm and 3 μm particles (Polysciences Inc., Warrington, PA) in 0.9% NaCl. 
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